Abstract
INTRODUCTION
A ccording to the UN (1), desert or drylands represent about half of terrestrial environments worldwide; further, about 70% of agricultural land is affected by salinity. Thus, understanding how abiotic stressors, such as drought and salinity, affect plants is an urgent necessity. The continued growth of the human population necessitates increasing the area of crop production and enhancing productivity especially under stressful conditions. This goal requires en hanced research on vulnerability to stress the adaptive capacity of plants and improvement of the genetic potential for tolerance to abiotic stresses of crop varieties (2 -4).
The productivity of agricultural plants is directly associated with their photosynthetic activity (PA) (5, 6 ). An integrated approach to the study of the physiological and biochemical bases of stress tolerance is impossible without attention to the function of the photosynthetic apparatus. This is because the preservation of photosynthetic activity under the influence of abiotic stressors largely determines their tolerance to adverse environmental factors (7, 8) . Because the mechanism of photosynthesis includes various components, e.g. photosynthetic pigments and photosystems, electron transport system and methods of reduction of CO 2 level, any damage at each level caused by stress can reduce the photosynthetic ability of green plants (9) .
The large body of previous research on the physiological processes in plants exposed to osmotic or saline stress has revealed that stress tolerance is associated with plant genomic composition, particularly with genes involved in photosynthesis (8). The introduction of the new species with great potential constitutive adaptability into the culture (the direction of a 'change of species') along with the genetic potential of cultivated species requires intensive research owing to the multiple unsuccessful attempts to increase stress tolerance, maturation rate and photosynthetic productivity of plants (10). Understanding how the different representatives of the tribe Triticeae experience drought stress and soil salinity is important for detecting new sources of drought and salt tolerance for the development of breeding and genetic research programs on important crops such has wheat (11).
This study aimed to identify growth reactions and associated changes in the photosynthetic apparatus of different species of wheat in response to drought and salinity in the environment.
We hypothesised that wheat species of different origins, ploidy level and genome composition may have different evolutionary mechanisms for the development of tolerance to abiotic stresses. Furthermore, stress tolerant varieties should exhibit fewer changes in growth rate and photosynthetic apparatus under stress conditions. Seeds of the species of wheat studied were germinated in a growth chamber at 25°C. After 48 hours, seedlings were transferred to 0.5 L pots and were grown for 5 days in water culture. Then for 72 h, they were exposed to drought stress (17.6% sucrose solution) or salt stress (1.68% NaCl solution). These concentrations of sucrose and NaCl produced visual differences in samples in growth and biomass accumulation, when the growth of less stable seedlings reached 40-50% of control values (12, 13). Control seedlings were grown in water. These extreme treatments are often designated as 'shock' treatments (14); however, we used the traditional term 'stress', as defined by Selye as a state of the body formed in response to exposure to stress (15).
MATERIALS AND METHODS
Chlorophyll was extracted in 96% ethanol using purified glass sand to homogenise the samples. After centrifugation at 4°C (at 14,000 rpm), the chlorophyll a and b concentrations were determined with a spectrophotometer at 665 nm and 649 nm, respectively, with a Genesis 10 UV Scanning (ThermoScientific, USA). The concentrations were calculated according to Lichtenthaler(16).
The Photosystem II (PSII) quantum yield and electron transport rate (ETR) were determined by recording the 'light curves' using a Chlorophyll Fluorometer IMAG-ING-PAM M ('Heinz WalzGmbH', Germany) under actinic illumination of 450 nm. The fluorescent seedling leaf areas were out lined with the ImagingWin v.2.41a programme. At the beginning of each measurement, the leaf was exposed to light pulses at a frequency of 2 Hz for determination of F o (minimum fluorescence in the darkadapted state). Saturating pulses were applied to determine All leaf blades were examined microscopically at 10× magnification (Micros; Austria), photographed with a video camera (YONGXIN OPTICS CAM V200) and analysed with a computer program (YONGXIN OP-TICS Scope Photo version 2.4).
Abnormal data were eliminated using t-criteria. Standard errors were calculated for all means.
All experiments were performed in triplicate. At least 25 plants were used in each replicate. The middle third of the leaf blades was harvested for chlorophyll content and determination of the photosynthetic parameters. All data were analysed using one-way analysis of variance (ANO-VA), with species and treatments as the main effects.
RESULTS
Examination of the impact of drought and salt stress on the growth characteristics of seedlings of six different wheat species revealed significant species-specific differences in the reduction of growth of the first leaf and roots (Tables 1 and 2 ).
Correspondingly, the root / leaf linear sizes relation decreased under saline conditions, which was most evident in T. compactum seedlings. Thus, sucrose-induced drought suppressed the growth of the first leaf more than root growth of the six different wheat species seedlings. Salt stress had a large influence on growth of the primary root of the studied species. The toxicity of salinity of growing environment caused the effect of 'avoidance' in roots (reduction in surface interaction with salt). The de-crease in the surface area of the leaves was a response to drought.
The relationship of root / leaf linear sizes (an important indicator of stress) of different wheat species also increased under drought conditions. T. polonicum, T. aestivum and T. compactum had the greatest increase in this ratio.
The root / leaf relationship for T. dicoccum and T. aethiopicum remained virtually unchanged under stress. The scribed in Arabidopsis, a plant can protect itself from shortterm exposure to stressful conditions through increasing non-photochemical components (21). However, the PA reaction to drought and salinity differed from species to species. Only leaves of T. dicoccum showed a sharp decrease of Y(NPQ) at PPFD of 395 µmol/m 2 s, when the level of non regulated dissipation (Y(NO) increase date PPFD 460 µmol/m 2 s. These parameters were similar to control levels before this change (Figs. 4b and 5b) . High values of Y(NO) may be indicative of serious problems in dealing with incident radiation experienced by the plant. Thus, there likely was some damage to the functioning of PSII or even to its structure (22).
T. monococcum seedling leaves had the maximum PA decrease under salinity conditions. In addition, the nonregulated energy dissipation of this variety significantly increased (Fig. 4) . As stated previously, such changes can indicate serious damage to the functioning of PSII.
T. aethiopicum, T. dicoccum and the hexaploid species
T. compactum appeared to be the most tolerant to salt stress. They had levels of Y(NPQ) similar to the controls, as shown in Fig. 4 . Furthermore, there were no significant differences in the F v / F m ratio (Table 3) root/leaf relationship for seedlings of T. aestivum, T. aethiopicum, T. dicoccum and T. monococcum remained unchanged or slightly increased under salt stress.
These results indicate that the deceleration of leaf growth was greater than that for root growth and demonstrate the important role of actively functioning root systems of these species under stressful conditions. Observations on leaf blades of different wheat species showed that the chromaticity of leaf blades of all studied species decreased under stress conditions, to a greater extent under salt stress than under drought (Fig. 1) .
We observed a more uniform distribution of chloroplasts in the cells of the leaf blade in the absence of stress. Chloroplasts were concentrated in the areas of vascular bundles under stressful conditions. T. monococcum and T. aestivum seedlings had yellowing and necrotic sections of leaf blades under drought and T. polonicum had the same condition under salt stress.
T. aestivum had the highest concentration of chlorophyll (a+b) in leaf blades (27.57 ± 2.30 mg/g dry mass) under normal conditions (control). T. monococcum and T. polonicum had similar concentrations of chlorophyll (a+b) (18.83 ± 4.17 and 18.36 ± 1.95 mg/g, respectively), as well as T. dicoccum and T. compactum (9.34 ± 1.48 and 10.09 ± 1.22 mg/g dry mass, respectively). T. aethiopicum had the lowest chlorophyll content (5.07 ± 0.5 mg/g dry mass) (Fig. 2a) .
Thus, the chlorophyll content in leaf blades was species-specific in the absence of stress, but it was independent of the ploidy level of the species studied.
The chlorophyll content of all studied species decreased significantly (by 75% -84%) under stressful conditions except for T. dicoccum, T. compactum and T. aethiopicum, which had values that were almost unchanged or even increased (T. dicoccum). Furthermore, the chlorophyll content in leaves of almost all studied species was higher under salt stress than under drought stress.
The 'saturation pulse' method was used for the detection of the effects of drought and salinity stress on wheat leaves of different species. For non-stressed C3 plants, values of about 0.83 (20) are expected. These approximate values were obtained in the analysis of experiments conducted here with control groups of the species. Susceptibility to photo inhibition in drought and salinity-stressed wheat leaves in our study was determined as changes in the F v / F m ratio (Table 3) . These values decreased (with one exception T. compactum under salinity) under stress conditions. Therefore, analysis of 'light curves' show that T. monococcum and T. aethiopicum maintained high photosynthetic activity (PA) (the curve is very similar to the control ETR curve) under stress conditions. Other investigated species decreased their PA notably under stress influence in this experiment; reaction centres of PSII of most species closed by PPFD of 460 µmol/m 2 s (Fig.3) .
As shown in Fig.4 , most species had higher Y(NPQ) under induced drought than in controls. As has been de- Leaves of these species compensated for the oversupply of irradiation mostly through a regulated dissipation mechanism, so the influence of salinity on their leaf PSII was slight. The retention of chlorophyll quantity of these species at the same level as the control under salt stress, opposite to the finding for drought conditions (Fig. 2) , also confirms their photosynthetic apparatus is less vulnerable to salt stress.
Finally, the decrease of ETR under stress conditions was detected during this investigation of drought and salinity influence on PA of soft wheat and leaves of its wild congeners. However, the analysis of other PA components revealed that some tolerant species could be distinguished, T. monococcum L. and T. aethiopicum to drought and T. aethiopicum, T. dicoccum, T. compactum and T. polonicum to salinity, which may possess dynamic tolerance to drought according to their high level of Y(NPQ).
DISCUSSION
Economic losses of crops are greater if plants are subjected to stress at the juvenile stage of development. Therefore, the ability of plants to efficiently use water under drought at the early stages of their development is an important agronomic character; the growth response of seedlings to stressful conditions is a visual indicator of metabolism changes (23).
The strong negative effects of salt stress on the root systems of seedlings and drought stress on leaf composition juvenile plants of different wheat species were revealed. The effect of induced osmotic stress (at the drought stage or the osmotic component of salt stress) on plants occurs immediately when the solutions / stressors contact the root system. The plants usually achieve osmotic homeostasis relatively quickly at non critical concentrations of the stressor. However, salt stress begins to have toxic effects including changes in the ion balance and a critical concentration of Na + in the cytoplasm (14, 24). Concurrently, different species, regardless of their level of drought and salt tolerance, vary in the degree of plasmolysis of cells and normal cellular activities may be restored (14, 25) . However, the most complete characterisation of stability / sensitivity of the species studied only provide a complex assessment of various parameters of the leaf blades and root system. Our experimental data revealed that the tetraploid species T. dicoccum had the most stable indicators of development of seedling root systems under drought and salt stress and that T. aethiopicum had good indicators of seedlings under drought stress.
Often under stressful conditions, the regulation of water absorption by roots is more important for overcoming the severe impacts of stress than the regulation of transpiration and photosynthesis in leaves (26). However, the changing dynamics in photosynthetic activity of plant leaves under stress reflect the degree of influence of the stress on the above ground part of the plant as well as the coherence of the entire plant body.
The total pigment content and their relative ratios in any plant species are not constant. They may vary considerably depending on factors such as the structural features of the leaf blades, environmental growth conditions and human activity (27). Owing to the destruction of chlorophyll, the photosynthetic activity in plants cultivated under stressful conditions may be reduced. However, the correlation between pigment concentration in a plant's leaves and its stress tolerance is not always evident according to Fang et al. (28) and Khan et al. (29) . Data on chlorophyll content are contradictor; both accumulation of chlorophyll under stress conditions (30, 31) and a significant decrease in chlorophyll have been observed, especially in stress sensitive varieties for both dicotyledonous and monocotyledonous species (4, 32, 33) . Changes in chlorophyll content of leaves under stress may be associated with accelerated degradation of the pigment or with disruption of its biosynthesis. In addition, previous studies indicated that in the process of degradation, chlorophyll b can be converted to chlorophyll a resulting in increased chlorophyll content (34, 35). Furthermore, a series of experiments on sunflower (32) determined that stress affects the process of chlorophyll biosynthesis rather than decreasing chlorophyll concentration.
Previous studies revealed that chlorophyll b, as the main component of the photosystems, is damaged more than chlorophyll a under stress (36). In general, species with a lower ratio of chlorophyll a / b show a greater adaptability to environmental conditions. There is evidence that reduction in the ratio of chlorophyll a / b is correlated with an increase in productivity (37). However, in our experiments, the ratio of chlorophyll a / b was stable, independent of the changes in total chlorophyll content, suggesting that the osmotic and salt stresses applied in this study did not cause significant structural changes in the photosynthetic apparatus of seedlings of different wheat species.
Stress can lead to a decrease in the efficiency of the light-absorbing ability of leaves owing to disruption of photosystems I and II (PSI and PSII) (38, 39). The fluorescence of chlorophyll is considered to be an important indicator of stress tolerance in different species and varieties of plants, for example, durum, wheat and tobacco (40, 41, 42) . F v / F m are considered to be a fast-measuring indicator of stress in plants. Guretzki and Papenbrock (43) found no significant differences in F v / F m between control and drought groups of L. purpureus under mild stress. This result is consistent with other studies (44, 45) . However, all of these studies were conducted on adult plants. Our work with seedlings supports the utility of this parameter, in addition to other fluorescence measurements in stress tolerance screenings.
'Light curves' can provide some information about changes that occur in PSII performance under different conditions. The ETR curves are very close in shape to a photosynthesis-irradiance curve. With low irradiance, photosynthesis is limited by the irradiance. The slope of the curve in the light limiting region is proportional to the efficiency of light capture (effective quantum yield). Under moderate irradiance, the capacity of the electron transport chain limits photosynthesis and the curve reaches a plateau, where the maximum photosynthetic capacity occurs. With even higher irradiance (supra-saturating), the curve often tends to decline (46). However, this decline could be linked to dynamic down-regulation of PSII (47), maximum ETR displays a level of PA in this case (48). The changes in the level of maximum ETR and the PPFD at which the plateau is reached are supposed to display the level of variety stress tolerance.
Different wheat species may have evolved a variety of physiological mechanisms for protection against the influences of abiotic stress. The results presented here revealed that seedling leaf blades of T. aethiopicum, which had a slight decrease in growth functions, maintained a similar ratio of chlorophyll a / bas the control on the background of minimum reducing the total chlorophyll content and also showed a high photosynthetic activity. Interestingly, the seedling leaves of the tetraploid species T. polonicum increased inefficiency of non-photochemical quenching of fluorescence despite a decline in the PA, indicating that the functioning of PSII is damaged under drought conditions. This finding may demonstrate the dynamic drought tolerance of this species; when the plant is dehydrated, complex protective responses and adaptive reactions may occur, some of which are specific to this species (49). The effects of different genomes have been observed in ecological and genetic studies on wheat (50). These data provide substantial information on the role of the genome in the evolution of the physiological and genetic mechanisms of drought and salt tolerance in wheat species.
CONCLUSION
Our experiments revealed a number of common mechanisms that regulate growth and photosynthetic activity of the leaf apparatus of seedlings of different wheat species seedlings under abiotic stresses such as drought and salinity. Furthermore, species-specific differences in the response to induced drought and salt stress were demonstrated.
Salt stress was shown to have a greater negative effect on the root system of seedlings of different species of wheat than drought, while drought stress had a greater effect on the leaf apparatus of juvenile plants.
Among the wheat species with different origins, levels of ploidy and genomic composition, a variety of evolutionary mechanisms for protection against exposure to stressors in the form of tolerance were identified in species such as the tetraploid species T. dicoccum and T. aethiopicum. Seedlings of these species have less decrease in growth and fewer changes in the photosynthetic apparatus under abiotic stress conditions. In addition, they have the most stable indicators of root system development in seedlings and relatively high photosynthetic activity of leaves under drought and salt stress. The tetraploid species T. dicoccum and T. aethiopicum can be utilised as sources of salinity and drought tolerance for interspecific crosses for breeding and genetic programs.
